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Ine e f fec ts  of second phase morphology on the terminal  subst ructures 
developed i n  iron-carbon a l l o y s  subjected t o  h i g h  h y d r o s t a t i c  pressures 
has been examined f o r  a quench aged cond i t ion .  As f o r  the spheroidised 
a l l o y s  s tud ied e a r l i e r ,  new d i s l o c a t i o n s  are generated a t  the  small dendr i -  
t i c  p a r t i c l e s  of p r e c i p i t a t e  (Fe C ) ,  but  the  ar rays  are s impler and less  3 
dense. Some analogous loop format ion by d i f f e r e n t i a l  thermal c o n t r a c t i o n  
d u r i n g  quenching was observed a t  spher ica l  p a r t i c l e s  o f  excess carbide. 
Measurements o f  the  in f luence o f  pressure on t h e  terminal  d u c t i l e -  
b r i t t l e  t r a n s i t i o n  temperature of  annealed powder-metallurgy tungsten w i r e  
o f  commercial p u r i t y  have shown tha t  the t e n s i l e  t r a n s i t i o n  temperature i s  
reduced by some 50°C a f t e r  a pressure c y c l e  t o  13 k i  lobars. Th is  r e s u l t  
i s  q u a l i t a t i v e l y  as p r e d i c t e d  on the bas is  o f  the  d i s l o c a t i o n  generat ion 
hypothesis. Transmission microscopy s tud ies  o f  annealed sheet specimens 
prepared from the same q u a l i t y  o f  tungsten have not revealed a s i g n i f i c a n t  
amount o f  second phase p a r t i c l e s ,  i n  cont ras t  w i t h  t h a t  found i n  m a t e r i a l  
from a second supp l ie r .  
I n  order  t o  charac ter ise  t h e  s t r u c t u r e  o f  molybdenum f o r  pressure 
c y c l i n g  studies,annealed sheet specimens o f  a commercial p u r i t y  molybdenum: 
prepared from (a) powder meta l lu rgy  and (b) arc-cast m a t e r i a l  from t h e  
same supp l ie r  have been examined by t ransmiss ion microscopy. The r e s u l t s  
show t h a t  even i n  the  l a t t e r  mater ia l  the  i m p u r i t y  p a r t i c l e s  present are 
fewer i n  number than t h a t  found necessary t o  g i v e  s i g n i f i c a n t  changes i n  
subs t ruc ture  and p r o p e r t i e s  i n  the i r o n - a l l o y s  on pressure cyc l ing .  
Continuum e l a s t i c i t y  c a l c u l a t i o n s  o f  the s t r e s s  f i e l d s  developed 
around smooth spher ica l  p a r t i c l e s  contained i n  a m a t r i x  subjected t o  
e x t e r n a l  h y d r o s t a t i c  pressures i n d i c a t e  t h a t  the  s t r e s s  concentrat ion 
developed a t  the  p a r t i c l e - m a t r i x  i n t e r f a c e  i s  less  than t h a t  requi red 
f o r  n u c l e a t i o n  o f  d is loca t ions .  
concent ra t ion  o f  non-smooth p a r t i c l e s  o f  i r r e g u l a r  shape are  being con- 
The p o s s i b l e  e f f e c t s  on the  s t ress  
s i dered. 
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1. I n t r o d u c t i o n  
I t  i s  use fu l  t o  r e  t e r a t e  here t h a t  i n  v iew o f  the  p o t e n t i a l  impor- 
tance cf simp!e pressure cyc !ng 2s 2 me,Bn= & ch2nging the p!25t!c t)P!!2\llnr 2f 
body-centered cubic  metals conta in ing  second-phase p a r t i c l e s  ( 1 9 2 ) ,  i t  i s  d e s i r -  
ab le t o  a t t a i n  a b e t t e r  understanding o f  the na ture  and ex ten t  o f  these changes 
i n  var ious  metals and o f  t h e  s t r u c t u r a l  f a c t o r s  c o n t r o l l i n g  them. The c u r r e n t  
i n v e s t i g a t i o n  was undertaken w i t h  t h e  p r i n c i p a l  o b j e c t i v e s  of c o n t r i b u t i n g  t o  
such an understanding by (a), a t tempt ing t o  v e r i f y  a d i s l o c a t i o n  generat ion 
hypothesis proposed t o  account f o r  the observed changes i n  mechanical behavior 
from t ransmiss ion e l e c t r o n  microscopy s tud ies  on pressure cyc led  i ron and P POW 
carbon a l l o y s ,  and (b) conduct ing some p r e l i m i n a r y  s tud ies o f  pressure e f f e c t s  
on subs t ruc ture  and p l a s t i c  behavior i n  annealed tungsten - as a " b r i t t l e "  
body centered cubic  metal - and, i f  appropr ia te,  i n  molybdenum. The inves- 
t i g a t i o n  was i n i t i a t e d  on 1 June, 1964, and the  present r e p o r t  descr ibes the 
research c a r r i e d  o u t  dur ing  the second six-month per iod,  beginning 1 December, 
1 964. 
Dur ing t h e  f i r s t  per iod,  e f f o r t  was d i r e c t e d  p r i n c i p a l l y  t o  the  
e l e c t r o n  microscopy study o f  annealed i r o n  and spheroidized i ron-carbon 
a l l o y s  f o r  h y d r o s t a t i c  pressures up t o  20 k i l o b a r s .  
pressure c y c l i n g  s tud ies  on tungsten were i n i t i a t e d .  I t  was es tab l i shed f o r  
the  i r o n  a l l o y s  t h a t  a f t e r  subject ion t o  pressure, new d i s l o c a t i o n  arrays 
appear i n  the  v i c i n i t y  o f  many of the second phase p a r t i c l e s  present.  The 
observat ions prov ide  d i r e c t  support f o r  the  hypothesis t h a t  t h e  p r e v i o u s l y  
repor ted  changes i n  the  y i e l d  behavior o f  i ron-carbon a l l o y s  as the r e s u l t  
In  add i t ion ,  p r e l i m i n a r y  
of  t h e  a p p l i c a t i o n  o f  h y d r o s t a t i c  pressure are  due t o  the generat ion of 
' f r e e '  d i s l o c a t i o n s .  Some aspects of t h i s  work have s ince been publ ished a 
, 
(3 1 
During t h e  present per iod,  study o f  pressure e f f e c t s  i n  the i r o n -  
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carbon a l l o y s  has been cont inued w i t h  an examinat ion o f  the i n f l uence  o f  
p a r t i c l e  morphology. However, the p r i n c i p a l  research e f f o r t  has been d i r e c t e d  
t o  the e f f e c t s  of pressure cyciiny un i h e  ducti;e-bi-itt:e t r ~ f i s i t i c ~  tzzper-  
a tu re  i n  annealed tungsten. E lec t ron  microscopy s tud ies  o f  the anneal ing 
behavior o f  sheet tungsten o f  t h e  same q u a l i t y  as the w i r e  used f o r  t e n s i l e  
measurements have been made i n  an attempt t o  f a c i l i t a t e  the i d e n t i f i c a t i o n  of 
poss ib le  second phase p a r t i c l e s .  
been made on annealed molybdenum sheet o f  both powder me ta l l u rgy  and arc- 
cas t  q u a l i t y  i n  o rder  t o  se lec t  s u i t a b l e  m a t e r i a l  f o r  pressqre c y c l i n g  s tud ies,  
I n  an e f f o r t  t o  develop t o  a q u a n t i t a t i v e  model f o r  t he  d i s l o c a t i o n  genera- 
t i o n  hypothesis, c a l c u l a t i o n s  have been made o f  t he  l o c a l  s t ress  concentra- 
t i o n s  a t  p a r t i c l e s  (and vo ids)  i n  a m a t r i x  subjected t o  ex terna l  h y d r o s t a t i c  
pressure. 
S imi la r  e l e c t r o n  microscopy s tud ies  have 
2. Iron-Carbon A l loys .  
Fo l low ing  the  study o f  pressure-induced d i s l o c a t i o n  generat ion i n  
sphero id ized i ron-carbon a1 loys  repor ted e a r l  i e r (4 ) ,  i t  was decided t o  
examine i n  more d e t a i l  the  r o l e  o f  p a r t i c l e  morphology before proceeding 
f u r t h e r  w i t h  at tempts t o  c o r r e l a t e  q u a n t i t a t i v e l y  the changes i n  substruc- 
t u r e  and mechanical behavior on pressure cyc l i ng .  The i ron-carbon a l l o y  
con ta in ing  0.06 wt.%C was se lected as be ing a s u i t a b l e  composi t ion i n  which 
t o  p r e c i p i t a t e  a f i n e  d i spe rs ion  o f  i r r e g u l a r l y  shaped carb ide p a r t i c l e s  by 
s o l u t i o n  t reatment and isothermal aging. 
Round-bar s tock (1  in. diameter) o f  t h i s  a l l o y  was reduced t o  
o.o i5  in .  t h i c k  sheet by f o r g i n g  and hot and c o i d  ro i i i r iy .  Anneaied spet i -  
mens'cut  from the sheet were so lu t i on  t r e a t e d  i n  vacuum a t  690 C f o r  
30 minutes, quenched i n to  iced b r ine  and then aged a t  3OO0C f o r  10 minutes. 
T h i s  t reatment sequence develops d e n d r i t i c  p r e c i p i t a t e  p a r t i c l e s  o f  
0 
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cement i te  (Fe3C), i n  which the  arms o f  t he  dendr i tes ,  c o n s i s t i n g  of 
bundles o f  s i n g l e  c r y s t a l  rods, l i e  p a r a l l e l  t o  (111)  d i r e c t i o n s  i n  the  
a lpa - i ron  matrix '"!  Pressure c y c l i n g  experiments t o  20 k i i o b a r s  were 
IC. 1 
c a r r i e d  ou t  on the  aged specimens, and t h e  subs t ruc tures  before and a f t e r  
pressure treatment examined by t ransmission microscopy. 
techniques used f o r  h y d r o s t a t i c  pressure treatment and fo r  t h i n  f o i l  prepar- 
The apparatus and 
a t i o n  by chemical and e l e c t r o - p o l i s h i n g  were those descr ibed p r e v i o u s l y  (4) . 
The f o i l s  were examined on a JEM-6A microscope a t  100 KV opera t i ng  vol tage. 
The s t r u c t u r e  of the  aged mate r ia l  cons is ted  o f  regu la r  equi-axed 
f e r r i t e  g r a i n s  con ta in ing  a d ispers ion  o f  d e n d r i t i c  ca rb ide  p a r t i c l e s .  
l a r g e s t  dimension o f  t h e  p a r t i c l e s  ranged i n  s i z e  from 0.1 t o  1.0 microns. 
I n  a d d i t i o n  t o  these newly p r e c i p i t a t e d  p a r t i c l e s ,  occasional  r e g u l a r l y  
shaped p a r t i c l e s  o f  ca rb ide  undissolved a t  t he  s o l u t i o n  t reatment tempera- 
t u r e  were present. I n  several  cases, d i s l o c a t i o n  h e l i c e s  and loops were 
observed emanating from such p a r t i c l e s  - 
associated e l e c t r o n  d i f f r a c t i o n  pa t te rns  show t h a t  the  loops a re  moving i n  
a ( 1 1 1 )  d i r e c t i o n .  Also,  the  f o i l  p lane i n  F igu re  1 i s  c lose  t o  (1101, 
so t h a t  the  loop p lane  i s  no t  o f  tha t  type. Since no such s t r u c t u r e s  were 
The 
as shown i n  F igu re  1. Analyses o f  
found a t  s i m i l a r  p a r t i c l e s  i n  annealed m a t e r i a l ,  these ar rays  appear t o  
have been formed as t h e  r e s u l t  o f  d i f f e r e n t i a l  thermal c o n t r a c t i o n  stresses 
developed on quenching - a l oca l i zed  s t ress  system analogous t o  t h a t  
developed under e x t e r n a l l y  app l ied  h y d r o s t a t i c  pressure, as discussed e a r l -  
(4 ) i e r  . 
A f t e r  sub jec t i on  to  pressure, two a d d i t i o n a l  subs t ruc tu ra l  f ea tu res  
were observed. The f i r s t  - shown i n  F igu re  2(a) - c o n s i s t s  o f  dense 
tang les  around some o f  t h e  undissolved carb ide  p a r t i c l e s ,  resembling those 
found p r e v i o u s l y  i n  t h e  spheroidised m a t e r i a l  cyc led  t o  a s i m i l a r  pressure. 
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The second fea tu re  i s  the presence o f  d i s l o c a t i o n s  extending across the arms 
o f  i n d i v i d u a l  dendr i t e  p a r t i c l e s  - as shown i n  F igure  2(b). The f o i l  p lane 
i n  t h i s  f i g u r e  i s  tlllJ and the segments can be i n t e r p r e t e d  as loops moving 
i n  (111)  d i r e c t i o n s .  The s imple nature o f  the  loops - o n l y  one o r  two 
< >  
loop segments - i s  i n  marked cont ras t  w i t h  the  complex c i g a r - l i k e  p r o t r u -  
s ions o f  tangled d i s l o c a t i o n s  observed t o  form a t  the round carb ide  p a r t i c l e s  
i n  the  sphero id ised ma te r ia l  a t  s i m i l a r  pressures (3’4). I t  has n o t  ye t  been 
poss ib le  t o  determine, from d i f f r a c t i o n  con t ras t  experiments(6), t he  p rec i se  
p lane and nature o f  t he  var ious  d i s l o c a t i o n  con f igu ra t i ons ,  bu t  the loops 
are  expected t o  be i n t e r s t i t i a l  i n  character.  
These r e s u l t s  show t h a t  pressure-induced d i s l o c a t i o n  generat ion can 
occur a t  small i r r e g u l a r l y  shaped p a r t i c l e s ,  as w e l l  as a t  those which are  
l a r g e  and r e g u l a r l y  shaped. However, because o f  the  presence o f  a d d i t i o n a l  
subs t ruc ture  generated by d i f f e r e n t i a l  thermal con t rac t i on ,  i t  i s  des i rab le  
t h a t  q u a n t i t a t i v e  study of the  r e l a t i v e  e f f e c t s  of d i f f e rences  i n  carb ide  
morphology on the  pressure response be c a r r i e d  ou t  on a lower carbon a l l o y  
f o r  which complete s o l u t i o n  o f  carb ide i s  poss ib le  p r i o r  t o  aging. Fur ther ,  
themnvenience o f  working w i t h  sheet m a t e r i a l  was o f f s e t  by the l i m i t e d  num- 
ber  o f  i n d i v i d u a l  g ra ins  found t o  be s u i t a b l y  o r i e n t e d  i n  t h i n  f o i l  examina- 
t i o n .  Accordingly,  s l i c e s  from round bar  s tock w i l l  again be used f o r  f u t u r e  
microscopy s tud ies.  
3. Tunqsten 
The i n v e s t i g a t i o n  o f  pressure e f f e c t s  on annealed tungsten has con- 
t inued tc bc conczrnzd with  (=) i! r e c t  measurement e f  changes Ir! t h e  tensi 1P 
s t r e s s - s t r a i n  behavior a f t e r  sub jec t ion  t o  a h y d r o s t a t i c  pressure cycle,and 
(b) t h i n  f o i l  e l e c t r o n  microscopy examination o f  the m i c r o s t r u c t u r e  as a 
f u n c t i o n  o f  the anneal ing condi t ions.  
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The r e s u l t s  o f  the  p re l im ina ry  t e n s i l e  work(4) on 0.030 in. diameter 
t h o r i a t e d  (2% Tho2 ) tungsten w i r e  annealed a t  13OO0C led  t o  several  r e v i s i o n s  
i n  methods o f  specimen prepara t ion  and t e s t i n g  t o  e l im ina te  problems 07 
premature specimen f a i l u r e  i n  the g r ips  or o u t s i d e  the  gauge length.  The 
p r i n c i p a l  and most e f f e c t i v e  changes have been: (i) the  use of a m i n i a t u r e  
o r  p i n  v i s e  type o f  g r i p  t o  p rov ide  un i fo rm s t r e s s i n g  o f  the w i r e  length  i n  
the  g r i p ;  (ii) the adopt ion o f  a shor ter  specimen length (2 in . )  t o  minimize 
the  d i f f i c u l t y  o f  hand l ing  the b r i t t l e  annealed w i res ;  (iii) the development 
of  an e l e c t r o p o l i s h i n g  procedure t o  both l i g h t l y  p o l i s h  the  g r i p  p o r t i o n s  o f  
the  specimen and t o  un i fo rm ly  reduce a c e n t r a l  1 in .  gauge length  t o  approxi-  
mate ly  0.025 in .  diameter w h i l e  ma in ta in ing  a smooth cont inuous change i n  
diameter a t  t he  specimen shoulders; ( i v )  t he  use o f  s t r a i g h t  lengths of 
"ground seal  rod" i n  p lace  o f  drawn w i re  t o  ensure u n i f o r m i t y  of diameter. 
Dur ing the  development o f  the above procedures, a number o f  explora-  
t o r y  t e n s i l e  t e s t s  were c a r r i e d  ou t  a t  room temperature on specimens o f  0.030 
in. diameter powder metal l u r g y  tungsten w i r e  o f  commercial q u a l i t y  (99.9% W 
min., obta ined from the Lamp Div is ion ,  General E l e c t r i c  Company, and desig- 
nated Ma te r ia l  W2). Specimens were s t ra ined  t o  f r a c t u r e  a t  a s t r a i n  r a t e  
o f  0.020 in. per  minute i n  a hard machine ( Ins t ron ) .  
au tog raph ica l l y  as load versus t i m e ,  w i t h  t ime as the measure o f  extension. 
Changes i n  the  w i r e  diameter were measured by means o f  an o p t i c a l  comparator 
Data were recorded 
us ing  a m a g n i f i c a t i o n  o f  X100. The f o l l o w i n g  th ree  cond i t i ons  o f  t reatment 
were examined: as-drawn, annealed i n  vacuum a t  1340 C f o r  10 minutes, 0 
annealed fo l lowed by a pressure cyc le  t o  15 k i l oba rs .  (It should be noted 
t h a t  t he  t imes g iven i n  the  annealing schedules i n  t h i s  sec t i on  r e f e r  o n l y  
t o  the  times a t  t he  maximum temperature i n  the  anneal ing cyc le .  The com- 
p l e t e  c y c l e  invo lves  slow-heating (e.g. 105 min. t o  13OO0C)  t o  the  maximum 
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c o o l i n g  i n  the  furnace w i t h  the  power o f f .  The furnace i s  a molybdenum 
s t r i p  res is tance heat ing  type). 
no t  permi t  compiete s t r e s s - s t r a i n  data  iu be u l t a ; i i e d  a t  t h a t  stage sf 
development o f  the  prepara t ion  and t e s t i n g  procedures, measurements of the 
reduc t ion  i n  area f o r  specimens breaking w i t h i n  the gauge length  d i d  i n d i c a t e  
some improvement i n  d u c t i l i t y  r e s u l t i n g  from the  pressure app l i ca t i on .  The 
re levan t  reduct ions i n  area were: as-received - 24% (3 t e s t s ) ;  annealed - 0% 
(5 t e s t s ) ;  annealed and subjected t o  15 k i l o b a r s  - 10% (2 tes ts ) .  
Although problems such as g r i p  s l i p p i n g  d i d  
Fo l low ing  the  adopt ion o f  ground 0.030 i n .  diameter "rod" o f  the 
same q u a l i t y  o f  tungsten from the same supp l i e r  (designated Ma te r ia l  W-31, 
f u r t h e r  m o d i f i c a t i o n s  t o  the  electro-machining cond i t i ons  were found neces- 
sary. Imperfect  p o l i s h i n g  dur ing  t h i s  pe r iod  l ed  t o  the loss  o f  a compara- 
t i v e  se r ies  o f  specimens annealed a t  1538OC f o r  65 minutes and pressure 
cyc led  success ive ly  t o  8 and 11 k i l oba rs .  A subsequent se r ies  cyc led t o  
23 k i l o b a r s  was l o s t  because o f  a mechanical f a i l u r e  i n  the pressure apparatus. 
Fo l low ing  complet ion o f  the development of the  specimen p repara t i on  
and t e n s i l e  t e s t i n g  procedures, a comparative se r ies  o f  observat ions o f  the  
t e n s i l e  behavior o f  the  W-3 ma te r ia l  was c a r r i e d  ou t  as a f u n c t i o n  o f  t e s t  
temperature f o r  t he  two cond i t ions :  (i) annealed a t  131OoC f o r  10 min., and 
(ii) annealed and cyc led  t o  13 k i l oba rs .  
s t resses,  e longat ions  and reduct ions i n  area f o r  these cond i t i ons  are  shown 
i n  F igures 3 and 4, respec t i ve l y ,  f o r  t e s t  temperatures i n  the range 25 C t o  
20OoC. It i s  seen t h a t  t he  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (Td) i s  
above 200 C f o r  t he  as-annealed mater ia l ,  whereas the  same mate r ia l  cyc led  
t o  13 k i l o b a r s  e x h i b i t s  a marked t r a n s i t i o n  from b r i t t l e  t o  d u c t i l e  behavior 
i n  the  range between 125 and 150OC. 
pressure c y c l e  t o  13 k i l o b a r s  i s  t o  depress the  t r a n s i t i o n  temperature by 
The r e s u l t i n g  y i e l d  and f r a c t u r e  
0 
0 
Thus, the e f f e c t  o f  the h y d r o s t a t i c  
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made. In  add i t ion ,  extens ion o f  the range o f  t e s t  temperatures t o  above 
i s  requ i red  t o  g i v e  a more p rec i se  measure of the depression o f  T It 
c l e a r  a t  the  present t ime whether the more marked e f f e c t  of pressure ind 
by the  e a r l i e r ,  more l i m i t e d ,  t e s t s  on the W-2 w i r e  i s  due t o  the  h igher  
d' 
a t  l e a s t  5OoC. 
d i s l o c a t i o n  generat ion model. Furthermore, a corresponding change i n  the  form 
of  the = t r e s s - s r r a l n  r_ur\/p w i s  nh5erve.d fnr the  cyc led  ma te r ia l ,  namely. i n  
the  d iscont inuous y i e l d  region. However, because of  the  s c a t t e r  i n  the  measured 
va lues o f  the  y i e l d  and f r a c t u r e  stresses, f u r t h e r  measurements a re  needed 
before a q u a n t i t a t i v e  comparison o f  t he  changes i n  f l o w  s t ress  can u s e f u l l y  be 
Th is  r e s u l t  i s  q u a l i t a t i v e l y  as p red ic ted  on the bas is  o f  the 
20oOc 
s no t  
ca ted  
pres- 
sure used o r  t o  d i f f e rences  i n  the  ma te r ia l  and/or i t s  t r e a t m e n t a p r i o r  t o  
pressure-cyc l ing.  
S i m i l a r  measurements a re  c u r r e n t l y  i n  progress on W-3 tungsten 
annealed a t  h igher  temperatures i n  order  t o  examine the  in f luence o f  the i n i -  
t i a l  subs t ruc ture  on the  response to  pressure t reatment.  The t e n s i l e  behavior 
as a func t i on  of  t e s t  temperature for  specimens annealed a t  1649 C f o r  65 min. 
i s  shown i n  F igure  5. 
c o n d i t i o n  i s  even h igher  than f o r  mater ia l  annealed a t  135OOC. 
comparat ive measurement a t  2OO0C a f t e r  a c y c l e  t o  27 k i l o b a r s  again i nd i ca tes  
t h a t  the  d u c t i l i t y  i s  g rea ter  a f t e r  pressure cyc l i ng .  
0 
As expected, the  r e s u l t s  i n d i c a t e  t h a t  Td f o r  t h i s  
An i n i t i a l  
I n  the  prev ious repor t (4) ,  some e l e c t r o n  microscopy observat ions o f  
0 
t he  changes i n  s t r u c t u r e  on annealing r o l l e d  tungsten a t  1180 C were descr ibed 
for tungsten sheet (0.006 in .  t h i ck )  obta ined from the  same manufacturer as 
the  w i r e  and rod ma te r ia l .  
exper ience i n  the  t ransmiss ion microscopy ana lys i s  o f  tungsten w h i l e  aeveiop- 
i n g  s u i t a b l e  f o i l  p repa ra t i on  techniques f o r  the  more d i f f i c u l t  rod and 
w i r e  forms on which i t  was intended t h a t  most o f  the  t e n s i l e  s tud ies  would 
be c a r r i e d  out .  I n  add i t i on ,  i t  was a n t i c i p a t e d  t h a t  a more extens ive 
The sheet form has been s tud ied  main ly  t o  ga in  
I 
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examinat ion f o r  the presence and d i s t r i b u t i o n  o f  second phase p a r t i c l e s  
would be f e a s i b l e  f o r  the sheet ma te r ia l .  
the  tungsten sheet a t  h igher  temperatures, namely 
the anneal ing temperatures used i n  the s tud ies  of  
discussed above. Because o f  the d i f f e r e n t  na ture  
invo lved i n  sheet and w i r e  manufacture, t he  de ta i  
131OoC and 1649OC, i .e. ,  
w i r e  t e n s i l e  p r o p e r t i e s  
of  the  forming processes 
ed s t r u c t u r a l  fea tures  - 
i n  p a r t i c u l a r  the g r a i n  shape and p re fe r red  o r i e n t a t i o n  - developed f o r  a 
g iven anneal ing t reatment are, o f  course, d i f f e r e n t  f o r  the  two forms 
I n  the  sheet annealed a t  131OoC, (Fig. sa), t h e  s t r u c t u r e  e x h i b i t s  features 
s i m i l a r  t o  those found a f t e r  the  118OoC anneal - r e g u l a r l y  shaped g ra ins  
r e l a t i v e l y  f r e e  from d i s loca t i ons ,  together  w i t h  some elongated sub g ra ins  
w i t h  a h igh  dens i t y  o f  d i s loca t i ons  - but  the regu la r  g ra ins  a re  l a r g e r  
and the re  a re  fewer elongated grains.  
e l im ina tes  the elongated g ra ins  almost completely and causes the regu la r  
g r a i n s  t o  grow s u b s t a n t i a l l y  t o  a diameter o f  the  order  o f  30 - 40 microns. 
I n  t h i s  cond i t ion ,  i t  was r e a d i l y  poss ib le  t o  examine q u i t e  l a rge  areas 
w i t h  good d i f f r a c t i o n  con t ras t  cond i t ions .  However, no c l e a r  evidence was 
found f o r  the  presence o f  impur i t y  p a r t i c l e s  o r  voids(9) i n  t h i s  p a r t i c u l a r  
mater i  a1 . 
(7981 
Annealing a t  1649OC (Fig. 6b) 
I n  order  t o  determine how c h a r a c t e r i s t i c  t h i s  fea ture  i s  o f  commer- 
c i a l  p u r i t y  tungsten, sheet from another supp l i e r  was obtained. The t h i n  
f o i l  s t r u c t u r e  o f  t h i s  tungsten i s  i l l u s t r a t e d  i n  F ig.  7 f o r  the  a s - r o l l e d  
c o n d i t i o n  and a f t e r  anneal ing a t  1310 C. 
m a t e r i a l ,  the  s t ruc tu res  do e x h i b i t  a low dens i t y  d i s t r i b u t i o n  o f  smaii 
second phase p a r t i c l e s  - as can' be seen from the micrographs. 
0 I n  con t ras t  w i t h  the  e a r l i e r  
I n  view o f  t he  ex ten t  o f  the e f f e c t s  o f  pressure on the  t r a n s i t i o n  
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temperature o f  the  tungsten w i r e  and the  apparent absence o f  impur i t y  p a r t i -  
c l e s  i n  the corresponding sheet mater ia l ,  the e l e c t r o n  microscopy s tud ies  w i l l  
now be d i rec ted  t o  the  examination u i  i-o;;s prspai-ed fri;ii; thz 8.030 In .  
diameter w i r e  specimens. 
shaped p l a s t i c  ho lder  and a 1/9 in. diameter by 0.006 in .  t h i c k  specimen has 
A rap id  e l e c t r o - t h i n n i n g  technique i n v o l v i n g  a 
been app l ied  success fu l l y  t o  d i scs  cut  from the sheet ma te r ia l ,  The r i m  o f  
the  d i s c  specimen i s  kept  t h i c k  to prov ide support so t h a t  the d i s c  can be 
mounted d i r e c t l y  i n  the  specimen holder  i n  the microscope chamber. With o n l y  
s l i g h t  mod i f i ca t i on ,  i t  i s  an t i c ipa ted  t h a t  t h i s  method can be used f o r  w i r e  
specimens. 
4. Mo 1 ybdenum 
Th is  metal  i s  considered o f  p o t e n t i a l  i n t e r e s t  f o r  f u r t h e r  study 
of  the  v a l i d i t y  o f  the d i s l o c a t i o n  generat ion model because i t s  s t r u c t u r e  
and mechanical behavior have been w ide ly  s tud ied  i n  recent  years and i t  
e x h i b i t s  both d iscont inuous y i e l d i n g  and a d u c t i l e - b r i t t l e  t rans i t i on ,a l though  
u n l i k e  tungsten, the  l a t t e r  i s  somewhat below room temperature. I n  h igh  
p u r i t y  cas t  molybdenum, c l e a r  evidence o f  d i s l o c a t i o n  generat ion a t  impur i t y  
p a r t i c l e s  (probably molybdenum carbide) by d i f f e r e n t i a l  thermal c o n t r a c t i o n  
s t resses on c o o l i n g  du r ing  the  growth of s i n g l e  c r y s t a l s  has been repo r te  g101 
Thus, an analogous response t o  e x t e r n a l l y  app l ied  h y d r o s t a t i c  pressure would 
be expected i n  the  presence o f  such p a r t i c l e s ,  w i t h  the important d i f f e r e n c e  
t h a t  t he  d i s l o c a t i o n  generated would be f r e e  t o  move and thereby a l t e r  the  
y i e l d  behavior i n  a subsequent t e n s i l e  t e s t  a t  atmospheric pressure. 
i n  order  t o  se iec t  a su i tab le  batch o f  mo!ybdenum, Y,e,, contain- 
i n g  a l i m i t e d  number o f  second phase p a r t i c l e s ,  a l i m i t e d  examination has 
been made by t ransmiss ion e l e c t r o n  microscopy o f  two types o f  commercial 
p u r i t y  r o l l e d  molybdenum sheet - namely, powder me ta l l u rgy  and arc-cast,  
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l u r g y  tungsten d 
p o l i s h i n g  0.006 
Both types o f  mo 
r o l l e d  sheet was 
o f  the presence of second phase impur i t y  p a r t i c l e s  
sheet e x h i b i t e d  a s i m i l a r  annealed s t r u c t u r e  and, 
c l u s t e r s  o f  second-phase p a r t i c l e s  apparent ly p rec  
These m a t e r i a l s  were obta ined from the same supp l i e r  as f o r  the powder meta l -  
scussed e a r l i e r .  Su i tab le  f o i l s  were prepared by e l e c t r o -  
n. t h i c k  sneei: by the "winduw" III~LIIUU iii sii:i;f;~rlc G C : ~ .  
ybdenum were examined i n  t h e  annealed c o n d i t i o n  - the  
annealed a t  135OoC f o r  15 minutes. 
The s t r u c t u r e  o f  t he  powder me ta l l u rgy  sheet, which i s  i l l u s t r a t e d  
i n  F igures 8a and 8b was found t o  cons is t  predominent ly of equiaxed g ra ins  
con ta in ing  few d i s loca t i ons .  Occasional e longated g ra ins  o f  h igher  d i s l o -  
c a t i o n  densi ty ,  which had no t  ye t  been consumed by the r e c r y s t a l l i s a t i o n  
and g r a i n  growth process, were a l so  present - Fig.  8b. No c l e a r  evidence 
was found. The arc-cast 
n add i t ion ,  showed 
p i t a t e d  a t  g r a i n  boundar- 
i e s  - Fig.  9. I d e n t i f i c a t i o n  o f  these p a r t i c l e s  was not  poss ib le  by 
e l e c t r o n  d i f f r a c t i o n .  
The t o t a l  amount of second phase found was small and, judg ing  from 
the r e s u l t s  f o r  i r o n  - Fe3C mix tu res  ("*), the f l o w  c h a r a c t e r i s t i c s  o f  t h i s  
p a r t i c u l a r  arc-cast  ma te r ia l  appear u n l i k e l y  t o  be s t r o n g l y  a f fec ted  by 
sub jec t i ng  the metal  t o  a hyd ros ta t i c  pressure cyc le .  However, t h i s  pre- 
d i c t i o n  should be conf i rmed and an attempt w i l l  be made t o  inc lude some 
measurements o f  the  e f f e c t s  o f  pressure c y c l i n g  on the  mechanical behavior 
of molybdenum i n  the  present  research program. 
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5. St ress Concentrat ion a t  Second-Phase P a r t i c l e s .  
The d i r e c t  observat ion o f  the generat ion o f  d i s l o c a t i o n s  from second 
phase p a r t i c l e s  i n  a m a t r i x  subjected t o  ex terna l  h y d r o s t a t i c  pressure(3) has 
prov ided evidence of y e t  another way i n  which such p a r t i c l e s  ac t  a5 d i s l o -  
c a t i o n  sources. 
t h a t  d i s l o c a t i o n s  can be generated a t  second-phase p a r t i c l e s  by p l a s t i c  defor-  
mat ion o f  the  mat r ix ,  and by d i f f e r e n t i a l  volume changes induced by quenching 
o r  p r e c i p i t a t i o n .  T h e i r  generat ion by ex terna l  pressure i s  o f  p a r t i c u l a r  
concern because o f  c u r r e n t  i n t e r e s t  i n  changes i n  mechanical behavior both 
a t  h i g h  presure and a f t e r  sub jec t ion  to h igh  pressure, 
It i s  a l ready w e l l  estab l ished (see f o r  example, Reference I I )  
As p a r t  o f  the  e f f o r t  t o  develop q u a n t i t a t i v e  r e l a t i o n s h i p s  between 
t h e  var ious  parameters considered important i n  determining the terminal  
response o f  two-phase systems t o  external  h y d r o s t a t i c  pressure, c a l c u l a t i o n s  
have been made o f  t h e  e l a s t i c  s t r e s s  f i e l d s  developed by second-phase par-  
t i c l e s  under such condi t ions.  The c a l c u l a t i o n s  were based on continuum 
e l a s t i c i t y  theory (*’ ‘*I, and assume t h a t  the  e l a s t i c  p r o p e r t i e s  o f  t h e  
and p a r t i c l e  are i s o t r o p i c ,  the  second phase ac ts  as a smooth spher ica l  
of e l a s t i c  inhomogeneity and t h a t  the s t ress  f i e l d s  o f  d i f f e r e n t  p a r t i c  
do no t  i n t e r a c t .  For these condi t ions,  i t  can be shown 
s t r e s s  L max’ which i s  developed a t  t h e  m a t r i x - p a r t i c  
by t h e  f o l l o w i n g  r e l a t i o n s h i p s  for  the th ree  cases o f  a 
- 
i n c l u s i o n  and an e l a s t i c  inc lus ion ,  respec t ive ly :  
Cavi ty :  = 2 T  
4 max 
“r 
t h a t  t h e  maximum 
m a t r i x  
reg i on 
es 
shear 
e i n t e r f a c e  i s  g ven 
c a v i t y ,  a r i g i d  
R i g i d  Inc lus ion :  
* The advice o f  D r .  Robert A. Clark, Mathematics Department, 
Case I n s t i t u t e  o f  Technology, i n  t h i s  ana lys is  is g r a t e f u l l y  acknowledged. 
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where p i s  t h e  shear modulus, 
t h e  b u l k  moduli o f  the m a t r i x  and i n c l u s i o n  respec t ive ly .  
i s  the pressure, and k and \e; are 
As appropr ia te e l a s t i c  c o m p r e s s i b i l i t y  data are unava i lab le  f o r  the  
carb ides and oxides present as second phase p a r t i c l e s  i n  i r o n  and tungsten, 
t h e  computations o f  zmax as a f u n c t i o n  o f  the  appl ied pressure have been 
r e s t r i c t e d  to the two l i m i t i n g  cases o f  a v o i d  and an incompressible p a r t i c l e ,  
!.e., Equations 1 and 2. Using t h e  data g iven i n  Table I ,  the maximum i n t e r -  
f a c i a l  stresses induced i n  i r o n  and tungsten were computed f o r  pressures of  
10 and 20 k i l o b a r s .  The resu 
induced stresses are substant 
t h e  s t r e s s  t h e o r e t i c a l l y  requ 
t s  are g iven i n  Table I I .  It i s  seen t h a t  the 
a l l y  less, even a t  20 k i l o b a r s ,  than lO-’p 
red to  c r e a t e  d i s l o c a t i o n s  i n  a p e r f e c t  and 
9 
. s i m i l a r  r e s u l t s  t o  these, us ing e l a s t i c i t y  c a l c u l a -  (1 1 )  i n f  i n i  t e  c r y s t a l  
t i o n s  based on a somewhat d i f f e r e n t  approach (13) have been repor ted r e c e n t l y  
by Hahn and Rosenf ie ld  . (14) 
The assumption of  e l a s t i c  i so t ropy  i s  c l e a r l y  i n v a l i d  f o r  i ron ,  
the  m a t e r i a l  f o r  which d i r e c t  evidence f o r  d i s l o c a t i o n  generat ion has been 
obtained. 
a f t e r  pressure cyc l ing ,  i s  e s s e n t i a l l y  i s o t r o p i c ,  and the  c a l c u l a t i o n s  should 
be v a l i d  f o r  t h i s  m a t e r i a l .  A poss ib le  cause o f  the  f a i l u r e  o f  the  calcu- 
l a t e d  stresses t o  be l a r g e  enough to  develop new d i s l o c a t i o n s ,  i s  the  
assumption of  a smooth surfaced, r e g u l a r l y  shaped p a r t i c l e .  I t  i s  u n l i k e l y  
t h a t ,  even f o r  the  spheroidised iron-carbon a l l o y s ,  the  p a r t i c l e s  conform 
t o  t h i s  d e s c r i p t i o n  and, consequently, h igher  s t r e s s  concentrat ions could 
be expected from the presence o f  i r r e g u l a r i t i e s ,  i n  p a r t i c u l a r  very  sharp 
steps on t h e  p a r t i c l e  sur face . 
However, tungsten,which does e x h i b i t  changes i n  mechanical behavior 
( 1 1 )  
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6. Fu ture  Work 
Dur ing the next s.x-month per iod  o the  program, e f f o r t  w 1 1  be 
continued on the problems o f  d e f i n i n g  the d i s l o c a t i o n  configurai iai-1s 
developed on pressure c y c l i n g  iron-carbon a l l o y s  and r e l a t i n g  them t o  the  
p a r t i c l e  morphology and t o  the mechanical behavior. A t t e n t i o n  w i l l  be 
d i r e c t e d  p a r t i c u l a r l y  t o  the q u a n t i t a t i v e  aspects of  these r e l a t i o n s h i p s .  
I n  the  case o f  tungsten, the  e f f e c t s  o f  pressure i n  depressing the t e n s i l e  
t r a n s i t i o n  from b r i t t l e  t o  d u c t i l e  behavior w i l l  be studied f u r t h e r ,  both 
f o r  commercial p u r i t y  tungsten and f o r  tungs ten- thor ia  a l l oys .  The exper i -  
mental v a r i a b l e s  o f  most concern w i l l  be the  m ic ros t rqc tu re  o f  the tungsten 
as def ined by t ransmiss ion e l e c t r o n  microscopy, the second phase character-  
i s t i c s  and the app l ied  pressure. Some f u r t h e r  experiments w i l l  a l s o  be 
c a r r i e d  ou t  on commercial p u r i t y  molybdenum. 
-13- 
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TABLE 1 .  Data Used i n  Stress Ca lcu la t ions  
f o r  Tungsten and I r o n  
I ron  -
Shear modulus, /A (ps i )  12 x l o6  
6 
Young's modulus, E ( p s i )  30 x 10 
Poisson's r a t i o ,  Y 0.33 
Bulk modulus, k (ps i )  
(cal  cu 1 ated) 
6 29.4 x 10 
Tunqs terl 
22 x lo6 
6 
56.5 x 10 
0.27 
6 40.9 x 10 
TABLE I I. Calculated Stress,ymax, a t  Spher ical  
Cavi t i 'es  and Incompressible P a r t i c l e s  i n  
2
t h e  A p p l i e d  Hydros ta t i c  Pressure. 
M a t r i x  Cav i ty  I ne1 a s t  i c Sphere 
10 kb 20 kb 10 kb 20 kb 
3 3 3 3 60.3 x 10 p s i  121 x 10 p s i  I r o n  1 1 1  x 10 p s i  222 x 10 p s i  
3 159 x 10 3 222 l o 3  79.3 x 10 3 Tungsten 111  x 10 
x20,000 
F ig .  1 .  Thermal ly  induced d i s l o c a t i o n s .  Loop and 
a ted  w i t h  p a r t i c l e  o f  excess 
wt.%C a l l o y  aged a t  30OoC. 
he1 i x segments assoc 
ca rb ide .  Fe - 0.065 
x20,000 
(a) 
x20,000 
(b) 
F i g .  2. 
sub jec ted  t o  20 k i l o b a r s .  
Pressure induced d i s l o c a t i o n s ,  Fe-0.065%C a l l o y  aged a t  3OO0C and 
(a)  Dense t a n g l e  a t  excess c a r b i d e  p a r t i c l e s .  
(b) Loops a t  p r e c i p i t a t e d  c a r b i d e  p a r t i c l e s .  
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FIG.3 :EFFECT OF TEST TEMPERATURE ON THE TENSILE 
PROPERTIES OF TUNGSTEN WIRE ANNEALED AT 
1310°c. 
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- FIG. 4 EFFECT OF TEST TEMPERATURE ON THE TENSILE 
PROPERTIES OF TUNGSTEN WIRE ANNEALED AT 1310°C 
AND PRESSURE CYCLED TO 13 KILOBARS. 
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FIG. 5 : EFFECT OF TEST TEMPERATURE ON THE TENSILE 
PROPERTIES OF TUNGSTEN WIRE ANNEALED AT 
1649OC.  
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F i g .  6 .  Subs t ruc tu re  i n  powder m e t a l l u r g y  tungs ten  (G)  
vacuum annealed a t  (a) 131OoC, (b )  1 6 4 9 O C .  
(a) X 4 0 , O O O  
(b)  X 4 0 , O O O  
F i g .  7 .  Subs t ruc tu re  i n  powder m e t a l l u r g y  tungsten ( S )  sheet 
I - \  * i i i  thc  2r,-re!!ec! c o n d i t i o n  and (b) vacuum 
annealed a t  13 1 O°C. 
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Fig.  8. Powder meta 
x2000 (b 1 x10,000 
lurgy molybdenum sheet annealed a t  135OoC f o r  15 min. 
x20,000 
F i g .  9 
a t  135OoC f o r  10 min. Note impuri ty p a r t i c l e s  
Arc-case iiia:ytjdznum sheet annea!ed 
i n  a g r a i n  boundary. 
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